Evapotranspiration (ET) is one of the most important components of the hydrological cycle, but it is often the most difficult variable to determine at basin scale. Traditionally, ET is estimated using pointbased measurements collected at meteorological stations, but the non-spatial nature of these measurements often leads to significant errors when utilized at watershed scale. In this study, the METRIC (mapping evapotranspiration at high resolution with internalized calibration) approach was evaluated using remotely sensed observations from the moderate resolution imaging spectroradiometer sensor and data from meteorological stations in the lower catchment of the Buyuk Menderes Basin in western Turkey in the form of actual ET maps at daily and monthly intervals between 1st April and 30th September 2010. The energy fluxes and daily ET maps resulting from METRIC were compared with ET data estimated with the help of meteorological parameters.
INTRODUCTION
Evapotranspiration (ET) is an important component of the Earth's water and energy cycles. For example, average annual evapotranspiration from the global land surface is around 60 to 65% of precipitation (Baumgartner & Reichel ) . Estimation of actual ET is also crucial for hydrologic modeling, water and irrigation planning, management, drought assessment, water rights, aquifer recharge assessment, and many other areas. One of the main parameters for the determination of water needs for irrigation is actual ET. For this reason, estimation of actual ET provides very valuable information for the effective management of irrigation. Evapotranspiration is also crucial for the energy cycle.
More than half of the solar energy absorbed by land surfaces is currently used to evaporate water (Trenberth et al. ) , significantly affecting the Earth's climate.
The methods for estimating basin-wide ET are generally grouped into three categories: the water budget approach, meteorological estimate, and remote sensing of the landatmosphere interface. Hydrological methods such as Thornthwaite & Matter () and Grindley () utilize an accounting approach where inflow, outflow, and change in storage are used in the water budget. Meteorological methods are based mainly on temperature and radiation data. Formulations proposed by Turc () and Thornthwaite () are commonly used by hydrology practitioners. Agro-meteorological methods use potential ET data as a reference, and crop coefficients are multiplied according to crop type and crop stage (Penman ) .
Remote sensing-based ET methods utilize the energy budget concept and generally provide accurate and spatially data, conventional methods such as Monteith () and Priestley & Taylor () are also widely applied in a spatially distributed manner (e.g., Vinukollu et al. () The data are based on hourly and daily time scales. In this study, the observations from six meteorological stations located in and around the study area were used.
Remotely sensed data were obtained from MODIS products (see details in Table 1 ) because it provides surface observations for regional/basin water management.
MODIS is the key instrument aboard the Aqua and Terra The MODIS albedo is calculated as (Liang ):
where α is the broadband albedo and r n represents spectral reflectance in band n.
Since clouds have negative effects on the detection of reflectivity from the Earth's surface, cloud-free days for the study area were determined by the evaluation of the cloudiness data obtained from meteorological stations for the satellite passing times as well as with the help of the MODIS cloud mask product.
The MODIS Reprojection Tool was used to reproject the coordinate system to UTM with WGS 84 Datum.
COoRdination of INformation on the Environment
(CORINE) land cover data set of the year 2006 was used to determine the surface roughness for momentum transport ( Figure 2 ).
Model description
The METRIC model is a satellite image processing model which estimates ET as a residual of energy balance for the time of sensor overpass (Choudhury ; Allen et al.
a, b; ) considering the following equation:
where Rn (W/m 2 ) is the net radiation, G (W/m 2 ) is the ground ( land surface both in shortwave and longwave parts of the spectrum, and calculated as:
where RS ↓ is downward solar radiation (W/m 2 ), α is land surface albedo, RL ↓ is downward longwave radiation (W/m 2 ), RL ↑ is upward longwave radiation (W/m 2 ), and ϵ o is emissivity of the surface (À).
R s↓ is calculated assuming clear-sky conditions as a constant for image time using Equation (4):
where G sc is the solar constant (1,367 W/m 2 ), cos θ is the cosine of the solar incidence angle, d r is the inverse squared relative earth-sun distance, and τ sw is the atmospheric transmissivity. τ sw is obtained from Equation (5) 
where z is the elevation above sea level (m).
R L↓ is computed using the Stefan-Boltzman equation:
where ε a is the atmospheric transmissivity (dimensionless), σ is the Stefan-Boltzman constant (5.67 × 10 À8 W/m 2 /K 4 ), and T a is the near surface air temperature ( W K). The following empirical equation for ε a by Bastiaanssen () was applied:
RL↑ is also calculated by the Stefan-Boltzman equation:
where ε o is the broad-band surface emissivity (dimensionless) and T s is the surface temperature ( o K).
Soil heat flux is defined as the rate of heat flow into the soil due to conduction. Soil heat flux (G) was modeled as a function of Rn, vegetation index, surface temperature, and surface albedo near midday values (Bastiaansen ) as given by:
where T s is surface temperature ( W K).
Calculation of the sensible heat flux (H ) is performed by using the bulk aerodynamic resistance method:
where ρ a is the density of moist air (kg/m 3 ), C p is specific heat capacity of dry air (∼1,004 J/kg.K), T is the average air temperature ( W K) at screen height (typically at 2 m),
dT is the near surface temperature difference between two levels ( W K K), which are 2 m and 0.1 m (Allen et al. ),
and r ah is the aerodynamic resistance to heat transfer (s/m).
In METRIC, the momentum roughness length (z om ) is estimated for each pixel based on land use type. Brutsaert () and Allen () defined the general values for different land use types. In agricultural areas, a relationship proposed by Tasumi () is used:
The key to METRIC is to determine the a and b constants using the hot pixel (T s is high due to no evapotranspiration) and cold pixel (low surface temperature because of the evapora- The instantaneous LE is obtained using Equation (2), and then it is converted to Et inst : where ET inst is hourly actual evapotranspiration (mm/hr), and λ is latent heat flux (J/Kg).
METRIC uses the fraction of alfalfa reference ET (ETrF)
to obtain the daily ET from instantaneous observations. This is the ratio of the actual crop ET to ETr at the time of overpass, and it is also assumed to be constant throughout the day:
where ETr is alfalfa reference evapotranspiration (mm/hr).
Therefore, the daily ET is obtained by multiplying ETrF by ETr-24; the latter being ETr for the day, obtained by summing hourly reference ET for the entire day. This approach is capable of capturing most of the advection impacts and any other change in weather conditions during the day.
The METRIC approach assumes that the ET for the entire area of interest changes in line with ETr calculated for the representative weather station (Allen et al. a, b) . Estimation of ET for non-processed image days (whether cloudy or clear sky) by using clear-sky processed satellite image data is an effective approach (Tasumi et al. ) . Generally, one satellite image per month is sufficient to construct an accurate ETrF curve for estimating seasonal ET. However, more frequent image intervals are needed in periods of rapid vegetation growth. In this study, the intervals of images were chosen as 10 to 20 days for better representation of all vegetation growth period in the study area (Table 2) .
Monthly ET is calculated as:
where ETm is cumulative ET for a month ending on day m, EtrFi is interpolated ETrF for day i, and ETr24i is 24-h ETr for day i. Units are in mm day À1 .
In this research, the scheme for estimation of ET by METRIC is based on MODIS products and is given in (Table 3) . For inter-comparison purposes, 10 points covered with olive trees in the study area were chosen.
Bafa Lake, located in the study area, was selected for the estimation of evaporation from water surfaces such as lakes and reservoirs. Class A-pan evaporation measurements at The average standard error in daily ET estimates for the processed 11 imagery is 16.1%, and standard deviation is 27.1% ( Figure 5 ). When compared to results of a similar study conducted under similar climatic conditions, Allen () found METRIC to have 1.6% minimum bias in an application for an agricultural area equipped with flux measurements. In our work, the maximum differences were found at points 3 and 4, which also correspond to locations with the maximum slope values (24.8% and 24.0%, respectively). The mean and standard deviation of slopes in all points are 11.5% and 7.5%, respectively.
Therefore, the deviation between METRIC and ground-
based ET estimates appears to be associated with the ground slope. However, the METRIC's slope-correction ability was not used in this study since the cotton fields are almost flat. In addition to high slope areas, another reason for the less than ideal bias in our work is related to the nature of limited data used in the Penman-Monteith equation.
Average monthly actual ET during the cotton growing season in the lower part of the Buyuk Menderes Plain In addition to the spatial and temporal distribution of ET, energy balance components were also determined ( Figure 7) .
The produced data on energy balance components can be a tool for further analysis such as comparison of available energy for evapotranspiration and measured ET values.
CONCLUSIONS
In this study, the use of remote sensing along with groundbased data to determine ET at a regional scale is demonstrated, and promising results are achieved. The spatial and temporal variation of ET was found to be significant due to the land use, meteorological conditions, and vegetation patterns. METRIC evaporations are in agreement with the Class A-pan data. As the METRIC ET estimations are closely aligned with the Class A-pan data, the method can also be used for estimating evaporation from lakes in data-scarce areas. Remote sensing-based pan coefficients can also be developed for monitoring of lakes.
The gridded ET maps can be used as input for hydrological models. They also have the potential to increase the effectiveness of water management strategies by determining irrigation requirements in spatially explicit ways.
Moreover, spatially distributed evapotranspiration data on cultivated lands can be used to calculate crop water productivity (kg/m 3 ), which is a powerful tool to assess the efficiency of different irrigation management systems including structural and non-structural applications such as irrigation schemes and legal and institutional frameworks.
This study forms a basis for estimation of ET for regional-scale applications particularly over agricultural areas in western Turkey. Future studies should include other ET models based on remote sensing data to determine the efficiency of respective models under the climate regime of western Turkey.
